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Abstract 
Retention ponds are commonly used to mitigate the negative effects of the increased volume of 
surface runoff produced by urbanization.  Many studies, however, suggest that these ponds are 
not actually effective at protecting the downstream channel from the changes in channel 
morphology and degradation of water quality driven by urbanization.  The goal of this study is to 
evaluate how well a retention pond located in James City County, Virginia protects the 
downstream channel from changes in sediment transport regime and fluctuations in salinity and 
water temperature.  Discharge, salinity, and water temperature data from adjacent watersheds, 
one urbanized with a retention pond and one predominantly forested without a retention pond, 
were compared to assess the impacts of urbanization on water quality.  Longitudinal profiles of 
both stream channels were compared in order to analyze alterations in channel morphology 
caused by urbanization.  Over the summer months, the retention pond was, on average, 5.5°C 
warmer than the stream draining the forested watershed.  Daily fluctuations of 5°C were 
observed in the pond, while daily temperature fluctuations were on the order of 1-2°C in the 
forested watershed.  Storm-based changes in salinity were observed in the stream draining the 
pond but not in the stream draining the forested watershed.  Additionally, when comparing the 
two channel profiles, the stream draining the retention pond displayed an area of higher slope 
near its headwaters, decreasing 25 feet in elevation over the first 30 meters of the channel.  The 
stream in the forested watershed had a more consistent slope along the length of the channel.  
From the differences in the data from the two streams, it is clear that the retention pond is not 
protecting the downstream channel from erosion near its headwaters or from significant 
fluctuations in water temperature and salinity. 
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Introduction 
Urbanization changes the way watersheds behave and has detrimental impacts on water 
quality.  Walsh et al. (2005) coined the phrase ‘urban stream syndrome’ to describe the 
ecological degradation that is regularly observed in streams draining urbanized areas.  There are 
many different symptoms of urban stream syndrome, including alteration of channel 
morphology, increased concentrations of nutrients and pollutants, decreased biotic richness, and 
increased hydrograph flashiness in streams draining urbanized watersheds (Walsh et al., 2005; 
Bevan et al., 2018).  Due to the increase in semipermeable, impermeable, and effective 
impervious cover (including land that was compacted during construction) from urbanization, the 
pathway that water follows through the watershed changes.  There is typically more surface 
runoff, less evaporation, and less groundwater recharge in urbanized watersheds compared to 
natural watersheds (Leopold, 1986; Booth and Jackson, 1997; Emerson et al., 2005).  The 
increase in runoff flowing through urbanized systems, one of the main mechanisms driving urban 
stream syndrome, intensifies the stream channel’s sediment transportation and channel down-
cutting (Hammer, 1972; Arnold et al., 1982; Booth and Jackson, 1997; Hancock et al., 2010; 
Tillinghast et al., 2011). 
To remedy these issues, retention ponds are a common best management practice (BMP) 
required by developers.  They are designed to reduce peak discharges and/or to lengthen the 
duration of lower-discharge flows in order to compensate for this greater volume of runoff 
(Booth and Jackson, 1997; Emerson et al., 2005; Hancock et al., 2010).  As displayed by the 
hypothetical hydrographs displayed in Figure 1, the curve representing a watershed with a 
retention pond lies between the curves representing a non-urbanized watershed and an urbanized 
watershed without a retention pond, both in terms of peak discharge magnitude and lag time 
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duration (Leopold, 1986).  These curves display how retention ponds are designed to adjust the 
post-urbanization hydrograph to be more similar to the pre-urbanization hydrograph.  Many 
studies, however, have suggested that retention ponds are not actually as effective at mitigating 
the effects of urbanization as they are designed to be (Hammer, 1972; Arnold et al., 1982; 
Leopold, 1986; Booth and Jackson, 1997; Fennessey et al., 2001; Booth et al., 2002; Emerson et 
al., 2005; Walsh et al., 2005; Nelson et al., 2006; Hancock et al., 2010; Tillinghast et al., 2011; 
Hester and Bauman, 2013).  For example, in their evaluation of BMPs in King County, 
Washington, Booth et al. (2002) state, “there is no evidence that [BMPs] can mitigate any but the 
most egregious consequences of urbanization.”  Even with the construction of a retention pond, 
urbanized watersheds exhibit larger volumes of runoff moving through their systems and have 
flashier hydrographs in comparison to natural, non-urbanized watersheds (Walsh et al., 2005; 
Nelson et al., 2006; Hester and Bauman, 2013; Mogollón et al., 2016).  As displayed in Figure 1, 
urbanized hydrographs (both with and without a retention pond) display higher peak discharges 
and shorter centroid lag times compared to the hydrograph of a stream draining a forested 
watershed (Hammer, 1972; Arnold et al., 1982; Leopold, 1986; Booth and Jackson, 1997; 
Fennessey et al., 2001; Booth et al., 2002; Emerson et al., 2005; Walsh et al., 2005; Nelson et al., 
2006; Hancock et al., 2010; Tillinghast et al., 2011; Hester and Bauman, 2013).  Booth and 
Jackson (1997) found that a watershed with just 10% effective impermeable surface area, even 
with a retention pond, displays considerable change in channel stability, water quality, and 
ecosystem functioning downstream of the retention pond.  Even with BMPs in place to mitigate 
the effects of the impervious cover, it has been found that urbanization has a greater impact on a 
watershed’s response to smaller magnitude storm events (1-year and 2-year storms) than larger 
storms (Fennessey et al., 2001; Walsh et al., 2005).  This is significant, as these smaller 
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magnitude storms are likely to occur with some frequency, and watershed alteration by these 
frequently-occurring events is likely to accumulate over time. 
 
Figure 1: Plot displaying hypothetical differences between pre-development, post-development with a retention 
pond, and post-development without a retention pond hydrographs; especially evident are the higher peak 
discharges and shorter lag times of the post-development curves (modified from Leopold, 1986). 
The increase in surface runoff caused by urbanization causes more sediment transport, 
changing the channel’s form; this is shown by the transition from generally stable to generally 
unstable channels with increased impervious surface area in Figure 2 (Booth and Jackson, 1997).  
The higher discharge caused by the larger volume of runoff flowing through the channel initially 
results in greater shear stress and stream power, causing the channel to become unstable 
(Hammer, 1972; Arnold et al., 1982; Booth, 1990; Tillinghast et al., 2011).  In this context, an 
unstable channel is one that has been disturbed from its previously-established state of 
equilibrium, in terms of channel geometry (slope, shape, etc.).  Shear stress, τ, can be defined by 
the equation: 
τ =ρg(Hsinθ). 
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Here, ρ is the density of the water (assumed constant); g is the acceleration due to gravity 
(assumed constant); H is the water depth (controlled by the width of the channel); and sinθ is the 
slope of the channel.  The higher shear stress caused by the increased flow volume results in 
down-cutting, shifting the channel into disequilibrium.  Flow density and acceleration due to 
gravity are assumed to be constant through time and over the length of the channel; therefore, the 
only way that the channel could re-equilibrate the shear stress to its pre-urbanization magnitude 
is to change the flow depth (by changing its width) and/or to change the slope.  Theoretically, the 
channel will erode, as the urbanized flow’s higher shear stress and stream power will result in the 
entrainment and transport of a larger quantity of sediment.  In the equation above, shear stress is 
directly related to all of the variables.  Thus, in order to decrease the shear stress, the channel can 
widen, decreasing the flow depth, and/or transport sediment to reduce the slope.  Channels will 
change their behavior in response to a higher shear stress in order to try to reduce this force to its 
pre-urbanization magnitude. 
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The increase in discharge moving through the channel also increases stream power.  
Booth (1990) describes stream power as, “the energy expended by the flow per unit time per unit 
bed area,” which varies proportionally with the width and discharge of the channel.  Stream 
power, 𝜔, is defined by the equation: 
𝜔 =
𝜌𝑔𝑄 sin𝜃
𝑊
. 
Here, ρ is density of the water (assumed constant); g is the acceleration due to gravity (assumed 
constant); Q is the discharge of the flow; sinθ is the slope of the channel; and W is the width of 
the channel.  The higher discharges resulting from the additional runoff moving through a 
channel draining an urbanized watershed may allow for grain entrainment and the movement of 
sediment from the head to the mouth of the channel.  This reduces the overall relief (the 
difference in elevation of the stream channel between the head and the mouth) and decreases the 
Figure 2: Plot of discharge as a function of percent impervious surface area, with thresholds of 
channel stability outlined; the watershed for the studied retention pond is covered by 
approximately 28% impervious area, as denoted by the dashed line (modified from Booth and 
Jackson, 1997). 
10 
 
slope of the channel.  Since slope is directly proportional to stream power, this decrease in slope 
ultimately works to reduce stream power to its pre-urbanization magnitude. 
The main implication of the higher shear stress and stream power acting in the urbanized 
channel is that these parameters control the channel’s sediment transport regime.  Larger 
magnitudes of these forces allow for the movement of larger grains and for the movement of a 
larger magnitude of sediment overall.  This may lead to erosion in upstream reaches near the 
headwaters and deposition further downstream (where the stream loses the energy needed to 
transport the sediment), ultimately causing channel enlargement.  Booth (1990) notes that 
channel enlargement from urbanization occurs as incision (defined as “rapid channel deepening 
disproportional to the increase in water discharge”) and quasi-equilibrium expansion (defined as 
“increases in the discharge yield approximately proportional [to] increases in channel width and 
depth”).  Incision refers to a channel rapidly cutting down into the landscape; this type of 
channel enlargement is commonly observed in channels draining urban areas, since urbanization 
decreases sediment influx (but increases the shear stress and stream power of the flow), allowing 
for rapid down-cutting (Booth, 1990; Nelson et al., 2006).  Quasi-equilibrium expansion, on the 
other hand, entails a more balanced proportion of deepening and widening causing channel 
expansion.  Studies have demonstrated that the magnitude of channel enlargement varies with 
watershed-specific conditions, such as land use, extent of impervious area, and duration of 
impervious area’s presence in the drainage basin (Hammer, 1972; Bevan et al., 2018).  As 
described by Hancock et al. (2010), channel enlargement can significantly impact the 
surrounding landscape and downstream ecosystem.  Streambank erosion can result in the 
transport of sediments and contaminants adsorbed to sediments (Hancock et al., 2010).  Down-
cutting of the stream can result in the disconnection of the streamflow from the floodplains.  
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This, in turn, affects sediment delivery to the floodplains, fundamentally altering the floodplain 
ecosystem.  Since the banks become much higher above the channel, the floodplains will not be 
inundated with sediment as frequently (Hancock et al., 2010).  In systems with shallow 
groundwater tables, stream down-cutting can negatively affect the process of pollutant removal 
by groundwater flow (Hancock et al., 2010). 
Another effect of watershed urbanization is thermal pollution (Walsh et al., 2005).  Due 
to the urban heat island effect, the impervious cover in urbanized areas absorbs and reemits a 
greater amount of heat than forested areas (Zeiger and Hubbart, 2015).  One way that this 
impacts the surrounding landscape is that during the summer months, stormwater runoff travels 
across this impervious cover, transferring thermal energy to nearby streams, which increases 
downstream water temperature (Van Buren et al., 2000; Hester and Bauman, 2013; Zeiger and 
Hubbart, 2015).  Furthermore, urbanization affects downstream water temperature through the 
alteration of stream shading from riparian vegetation, flow regime, channel geometry, and 
groundwater input (Hester and Bauman, 2013; Zeiger and Hubbart, 2015).  This serious problem 
caused by urbanization is two-fold; thermal pollution is problematic both due to the elevation of 
downstream water temperature and the relatively quick fluctuations in water temperatures, 
especially during summer storms (Zeiger and Hubbart, 2015).  Zeiger and Hubbart (2015) note 
that water temperature is a, “critical physical determinant of aquatic ecosystem health.”  Higher 
water temperatures downstream of urbanized areas can negatively affect water quality, especially 
in terms of decreased primary productivity, decreased dissolved oxygen content, and increased 
metal solubility (Van Buren et al., 2000; Walsh et al., 2005; Zeiger and Hubbart, 2015).  Van 
Buren et al. (2000) suggest that retention ponds exacerbate the thermal pollution by further 
exposing the stormwater runoff to solar radiation.  Changes in water temperature, especially 
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those occurring over short time periods, are detrimental to organisms that are sensitive to thermal 
conditions in the stream (Van Buren et al., 2000; Hester and Bauman, 2013; Zeiger and Hubbart, 
2015).  Thermal pollution can negatively impact aquatic life through biological reaction 
alteration (such as reproductive and metabolic rates) and habitat destruction (Van Buren et al., 
2000; Zeiger and Hubbart, 2015). 
Background 
 To mitigate the negative effects of watershed urbanization, retention ponds are commonly 
constructed.  As described by Hancock et al. (2010) and shown in Figure 3, retention ponds 
typically consist of a basin or depression in the landscape, inflow pipes, and outlet mechanisms 
(such as a concrete weir for the 2-year storm outflow and a pipe located at a higher elevation for 
the 100-year storm outflow).  Retention ponds are theoretically designed to allow sediment and 
road salts from urban runoff to settle out in the pond and to reduce the amount of sediment 
transport occurring in the downstream channel (Booth and Jackson, 1997; Hancock et al., 2010).  
According to the company that constructed the retention pond examined in this study, the post-
urbanization 2-year storm peak discharge is 43.7 cubic feet per second and the 100-year storm 
discharge is 107.2 cubic feet per second.  The pre-urbanization peak discharges of the 2-year and 
100-year storms (to which the pond is supposed to reduce post-urbanization flows), are 35.7 
cubic feet per second and 86.1 cubic feet per second, respectively (BMP CC-026 As-Built File).  
Due to their design simplicity and the fact that they are relatively inexpensive to construct, 
retention ponds are commonly used (Hancock et al., 2010).  There are two main types of 
regulations for retention pond construction: peak standards and duration standards.  The goal of a 
peak standard is for the retention pond to reduce the maximum post-urbanization discharge to 
match the magnitude of the pre-urbanization peak discharge.  Duration standards are meant to 
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reduce the duration of sediment-transporting discharges in post-urbanization flows to that of pre-
urbanization sediment-transporting flows (Booth and Jackson, 1997).  As described by Hancock 
et al. (2010), in James City County, retention ponds must adhere to both standards.  County 
regulations require retention ponds to have a 24-hour inflow-to-outflow centroid lag (time 
between the centroid of precipitation and the centroid of discharge) for the 1-year storm (2.8 
inches of rain).  Additionally, the state of Virginia requires all retention ponds to reduce the post-
urbanization 2-year storm peak discharge to the pre-urbanization 2-year storm peak discharge 
magnitude.  The construction company approximated a discharge of 35.7 cubic feet per second 
for the pre-urbanization 2-year storm, meaning that the retention pond studied must reduce the 
current 2-year storm peak discharge to this magnitude. 
 
Figure 3: Photograph of retention pond, including: (a) rain gauge, (b) gauging station with conductivity and water 
level probes, and (c) stage gauge near the 2-year storm outflow structure. 
Retention ponds are commonly used as BMPs intended to mitigate the effects of 
watershed urbanization.  In James City County, Virginia, there are over 600 retention ponds 
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(Hancock et al., 2010).  One such pond, located upstream of Strawberry Creek and adjacent to 
VA-199, was constructed in the early 2000s (Figure 4).  Based on previous studies on retention 
ponds, it is hypothesized that, even with the construction of a retention pond at the head of 
Strawberry Creek, a larger volume of runoff moving through the channel would have caused a 
widening of the stream channel and a decrease in the channel’s overall slope.  The subsequent 
larger volume of runoff flowing through the channel, resulting in a higher shear stress and stream 
power, would have forced the stream into disequilibrium.  It is predicted that the channel will 
continue to adjust to return to equilibrium by widening to decrease flow depth and by moving 
sediment in order to decrease the overall slope of the channel.  Since the retention pond was 
constructed almost two decades ago, it is evident that the channel has begun to re-equilibrate.  It 
is unclear as to if the channel has reached a new state of equilibrium.  Due to the continual 
erosion observed near the headwaters of this stream, it is hypothesized that a new state of 
equilibrium has not yet been established.  The channel can be considered to be re-equilibrated 
once it exhibits a relatively constant slope and width along its entire length.  Furthermore, due to 
the larger volume of stormwater runoff present in the retention pond and flowing through the 
channel downstream of the pond, it was hypothesized that these sites would have higher salinity 
values, higher water temperatures, and greater water temperature fluctuations compared to the 
stream draining a natural watershed, Pogonia Creek. 
The retention pond and streams studied are located in James City County, Virginia.  The 
study site is located in a temperate climate with a mean annual temperature of 14.8°C and a mean 
annual precipitation of 1.23 meters, according to data from the U.S. Climate Data website 
(https://www.usclimatedata.com/climate/williamsburg/virginia/united-states/usva0832/2019/1).   
The retention pond, constructed in the early 2000s, is bounded on three sides by highways.  As 
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shown in Figure 4, it drains a 153,800 square meter watershed, approximately 28% of which is 
covered by impervious surface, including roads, parking lots, and buildings.  This approximation 
of impervious cover does not account for areas of effective impervious cover.  Due to the 
modification of the surrounding land’s drainage pattern through the construction of ditches and 
culverts, the retention pond’s watershed is elongated in shape.  The retention pond captures 
runoff from the surrounding roads, medians, vegetated areas, and industrial complex parking 
lots. 
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Figure 4:  Map of the watershed boundary of the studied retention pond, located in James City County, VA. 
Geologic Setting 
Located in the Coastal Plain of Virginia, there are five main geologic units that underlie 
the stream downstream of the retention pond, Strawberry Creek (unofficial name), and the 
stream in the forested watershed, Pogonia Creek (unofficial name).  The underlying geologic unit 
Watershed Area: 153,800 m2 
Impervious Cover: ~28% 
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changes with the elevation of the stream; traveling from the head to the mouth, the following 
geologic units underlie both streams: Windsor Formation, Bacon’s Castle Formation, Sedley 
Formation, Yorktown Formation, and St. Mary’s Formation.  The Windsor Formation, formed 
during the Pleistocene Epoch, is a poorly-sorted unit consisting of sand, silt, and clay with a base 
of cross-bedded sand.  The Bacon’s Castle Formation, which formed approximately 2 million 
years ago, is composed of red sand and clay and sits atop a base of gravel.  Composed 
predominately of brown sand and clay, the Sedley Formation was formed during the Pliocene 
Epoch.  Formed approximately 5 million years ago, the Yorktown Formation is composed of 
grey clay and sand; it is a very fossiliferous unit.  The St. Mary’s Formation, formed prior to the 
Yorktown Formation, consists of a combination of fossiliferous and non-fossiliferous sands.  The 
contact between the Windsor Formation and the Bacon’s Castle Formation occurs at 30 meters 
above sea level, while the contact between the Bacon’s Castle Formation and the Sedley 
Formation is at an elevation of 21 meters above sea level.  Since both Strawberry Creek and 
Pogonia Creek begin at approximately 30 meters above sea level, the Windsor Formation 
underlays the very top reaches of these streams, and the Bacon’s Castle Formation underlies 
reaches near their headwaters.  The Yorktown Formation, overlain by the Sedley Formation and 
underlain by the St. Mary’s Formation, extends from 10 meters above sea level to 18 meters 
above sea level (Calver, 1969).  The Sedley Formation and the Yorktown Formation underlie the 
majority of both stream channels, with the St. Mary’s Formation underlying reaches closest to 
Lake Matoaka.  The compositional differences between these geologic units influence the 
streams’ channel morphologies, due to their differential resistance to erosion.  The portion of 
Strawberry Creek near the headwaters, underlain by the Bacon’s Castle Formation and the 
Yorktown Formation, is significantly incised into the landscape.  As opposed to this narrow 
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portion of the channel, the downstream channel of Strawberry Creek exhibits much lower relief 
between the main channel and its banks.  Underlying geology, in addition to the differing 
magnitudes of shear stress and stream power in the streams, is a controlling factor on the 
morphology of the streams studied. 
 Strawberry Creek is located in College Woods, downstream of the retention pond (shown 
in Figure 5).  Draining approximately 821,912 square meters of land, it begins at an elevation of 
approximately 28 meters above sea level and flows northeast into Lake Matoaka (approximately 
7 meters above sea level).  The landscape surrounding the channel changes along the length of 
the stream.  Near the headwaters, the stream banks are very steep, and exposed cliff faces display 
meter-scale erosion (on the order of 5 meters).  This narrow channel (approximately 2 meters 
wide, on average) flowing between the steep walls is significant because it suggests that the 
stream is not incising into the landscape as much as it potentially could.  As the channel erodes 
from the center of the flow (where the highest shear stress is), the walls collapse inwards and 
provide a significant influx of sediment; the flow must transport away this sediment before it can 
erode farther down into the landscape (Booth, 1990).  Another indicator of erosion occurring 
along this portion of the channel is the evidence of a considerable number of trees being undercut 
by the channel.  Downstream, the channel is quite different; sediment eroded from upstream is 
deposited and fills in the channel.  This is especially evident as, downstream from the narrow 
portion of the channel, tree roots are buried in sandy sediment.  Salinity measurements from 
Strawberry Creek ranged from 0.15 to 2.85 parts per thousand (ppt).  The salinity of this stream 
is likely high due to the influence of runoff from the nearby roads (containing road salts and 
other pollutants). 
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Pogonia Creek is also located in College Woods, in a forested watershed, approximately 
289,118 m2 in size (approximately 90% forested).  This stream begins at an elevation of 
approximately 31 meters above sea level and flows in a northeasterly direction into Lake 
Matoaka.  As shown in Figure 6, the natural stream exhibits a lower slope than Strawberry 
Creek.  There is a fairly consistent shape to the channel, and, unlike Strawberry Creek, there are 
no portions of this channel that are deeply incised.  Salinity values measured in the forested 
stream were on the order of 0.04 to 1.35 ppt.  Assuming that the buffering capacity of the 
underlying geologic units is very similar between the two streams, it is likely that Pogonia 
Creek’s salinity values are much lower than those of Strawberry Creek because Pogonia Creek is 
predominantly fed by groundwater (unlike Strawberry Creek, which is predominantly fed by 
surface runoff). 
 
Figure 5: Map of the watershed boundaries of the two streams, including an outline of the retention pond’s 
watershed, located in James City County, VA 
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Figure 6: Photographs showing the very different channel morphologies of the stream downstream of the retention 
pond, Strawberry Creek, (left) and Pogonia Creek (right) 
Methods 
In order to evaluate how the retention pond influences the Strawberry Creek channel, 
discharge, specific conductance (later converted to salinity), temperature, and longitudinal 
profiles of the channel downstream of the retention pond were compared to a stream draining a 
forested watershed.  Over the course of data collection, three different gauging stations were 
installed at the pond, which impacted the instrumental error associated with different portions of 
the data.  The first gauging station, which collected data from April 6, 2018 to June 8, 2018, 
contained HOBO instruments.  The HOBO Fresh Water Conductivity Data Logger, used for 
collecting specific conductance and temperature data, makes conductivity measurements as 
accurate as 3% of each reading, or within 5 µS/cm, whichever is greater; its temperature 
measurements are accurate to 0.1°C, according to the manufacturer’s website 
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(https://www.onsetcomp.com/products/data-loggers/u24-001).  The HOBO 13-Foot Fresh Water 
Level Data Logger, used for water surface elevation data, has a typical error of ±0.3cm and a 
maximum error of ±0.6cm in water with a known density and relatively stable temperature 
conditions, according to the manufacturer’s website (https://www.onsetcomp.com/products/data-
loggers/u20-001-04).  The second gauging station installed at the pond used Campbell Scientific 
instruments and collected data from June 11, 2018 until October 25, 2018.  Utilized to collect 
specific conductance (later converted to salinity) and temperature data, the CS547A-L Water 
Conductivity and Temperature Probe makes conductivity measurements accurate within 5% of 
the reading.  According to the Campbell Scientific website, the accuracy of temperature 
measurements from this probe is typically within 0.1°C (https://www.campbellsci.com/cs547a-l).  
Additionally, the accuracy of measurements from the CS420-L Druck PDCR 1830-8388 
Submersible Pressure Transducer, used for water surface elevation data, is typically ±0.1% 
according to the manufacturer’s website (https://www.campbellsci.com/cs420-l).  The third 
gauging station utilized the same type of HOBO instruments as the first gauging station and was 
installed from November 1, 2018 until January 11, 2019. 
Water depth measurements were made over time at the retention pond in order to 
calculate discharge from the pond (which is, effectively, Strawberry Creek’s discharge).  A water 
level probe was installed at the gauging stations mentioned above.  This instrument measures 
barometric pressure to produce water depth measurements at regular time intervals.  The water 
level probe was calibrated before it was installed in the field.  To calibrate the probe, it was 
submerged at four different depths: 0.10 m, 0.25 m, 0.40 m, and 1.5 m.  The probe’s depth 
measurement was plotted against a depth measurement taken manually with a ruler, and a linear 
trend line was fitted to the data.  Figure 7 shows the calibration curve for the water level probe.  
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From the water height gauge installed near the concrete 2-year storm outflow structure in the 
pond and the known elevation of the structure (93.15 ft above sea level), the water surface 
elevation was calculated from water depth measurements.  Utilizing information relating water 
surface elevation and discharge from the construction plans for the retention pond, discharge 
from the retention pond was calculated from these water surface elevations.  Figure 8 shows the 
calibration curve for the gauging station installed at the retention pond from June 11, 2018 until 
October 25, 2018, and Figure 9 displays the calibration curve for the gauging station which 
collected data from November 1, 2018 until January 11, 2019.  For the stream in the forested 
watershed, discharge was considered constant through time.  This assumption was made based 
on the nature of the stream’s watershed; streams draining forested watersheds with 
predominantly groundwater influences tend to be more stable in terms of discharge, when 
compared to streams predominantly draining runoff-driven watersheds.  Furthermore, from field 
observations made throughout the year, the water surface height in Pogonia Creek did not 
fluctuate much, unlike that of Strawberry Creek. 
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Figure 7: Calibration curve for the water level probe at the retention pond gauging station 
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Figure 8: Calibration curve used to determine retention pond water surface elevation from depth probe 
measurements for the probe installed from June 11, 2018 until October 25, 2018 
 
Figure 9: Calibration curve used to determine retention pond water surface elevation from depth probe 
measurements for the probe installed from November 1, 2018 until January 11, 2019 
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Furthermore, to understand the impact of urbanization on water quality, the specific 
conductance of the water in the retention pond and in both streams was measured.  To measure 
specific conductance in the retention pond, a conductivity probe was also installed at the gauging 
station mentioned above.  In order to calibrate this conductivity probe, four stock solutions with 
differing concentrations of sodium chloride (NaCl) were prepared: 0 mg NaCl/L, 75 mg NaCl/L, 
250 mg NaCl/L, and 1,000 mg NaCl/L.  The probe was used to measure the conductivity and 
temperature of each of these solutions (measured from the solution with the lowest salt 
concentration to that with the highest salt concentration, with the probe being rinsed in between 
each solution).  A calibration curve of specific conductance (μS/cm) and concentration of NaCl 
(mg/L), shown in Figure 10, was then constructed.  Fitting a linear trend line to the data, the 
relationship between specific conductance and salt concentration was quantified.  The salinity of 
the water (a measure of the concentration of dissolved salt in the water), a more commonly used 
metric, was then able to be determined.  HOBO conductivity loggers were placed in both 
Strawberry Creek and Pogonia Creek.  To prevent the buildup of sediment on the conductivity 
probes’ sensors, which might affect the accuracy of measurements, the probes were installed in 
slotted PVC pipes, as shown in Figure 11.  In terms of instrumental error impacting this data, 
HOBO instruments were installed in both streams.  The conductivity probe was the same type as 
that installed at the first and third gauging stations at the retention pond.  Therefore, the 
instrumental error associated with the Strawberry Creek and Pogonia Creek specific conductance 
data is the same as that discussed above.  For temperature data, the HOBO Pendant® MX Water 
Temperature Data Logger was utilized; this instrument makes measurements accurate to within 
0.04°C, according to the manufacturer’s website (https://www.onsetcomp.com/products/data-
loggers/mx2201).  From these instruments, specific conductance data (converted to salinity data) 
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for the retention pond, Strawberry Creek, and Pogonia Creek were collected over a number of 
months. 
 
Figure 10: Calibration curve for the conductivity probe at the retention pond gauging station 
27 
 
 
Figure 11: Photograph of conductivity probe in slotted PVC pipe (right) and temperature sensor (left) in Pogonia 
Creek, facing upstream 
In order to compare water temperature, temperature probes were installed in the retention 
pond, Strawberry Creek, and Pogonia Creek.  The conductivity probe installed at the retention 
pond’s gauging station had a temperature sensor.  In each of the streams, a HOBO MX 
Temperature Pendant was installed, as shown in Figure 11.  These instruments recorded water 
temperature every hour.  From these instruments, water temperature data for the retention pond, 
Strawberry Creek, and Pogonia Creek were collected over multiple months. 
To visualize how the urbanization of the watershed and the construction of the retention 
pond have affected the downstream channel, the longitudinal profiles of Strawberry Creek and 
Pogonia Creek were compared.  Utilizing ArcGIS software, profiles of both streams were 
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constructed from 1.5 meter resolution LiDAR data.  Prior to the urbanization of the watershed 
and the construction of the retention pond, the urbanized stream channel was presumably in a 
state of equilibrium.  The retention pond was constructed in the early 2000s, so the channel has 
had a number of years to adjust and move towards reestablishing equilibrium.  To determine how 
much the urbanized stream channel has adjusted to reestablish equilibrium, the longitudinal 
profile of the urbanized stream was compared to that of the forested stream. 
Results 
Retention Pond 
In the retention pond, salinity, temperature, and water surface elevation data were 
collected from April 16, 2018 to January 11, 2019.  Salinity values in the pond ranged from 0.18 
ppt to 8.27 ppt.  The mean salinity in the retention pond was 1.36 ppt, with a standard deviation 
of 1.35 ppt (from 25,670 measurements).  As displayed in Figure 12, fluctuations in salinity 
varied greatly in magnitude and timescale across the months of data collection.  Larger, longer-
term fluctuations (changes of 0.50 ppt occurring over the span of a few days) were observed.  In 
addition, shorter-term variability was observed, ranging in magnitude from fluctuations of 0.14 
ppt to 0.24 ppt over the span of a few hours.  Water temperature was also measured over time.  
Over the study period, water temperature in the retention pond ranged from 2.5⁰C to 39⁰C.  From 
the 27,084 temperature measurements made, the average pond temperature was 22°C, with a 
standard deviation of 8°C.  As shown in Figure 12, long-term and short-term fluctuations in the 
retention pond’s temperature were observed.  Figure 13 displays a typical week of water 
temperature and salinity data from the retention pond.  An overall warming trend from April to 
mid-September was observed, followed by a cooling trend as seasons changed from summer to 
fall and then to winter.  On the time scale of hours, diurnal trends were also observed.  The 
29 
 
magnitude of daily temperature fluctuation varied from changes of less than 2⁰C per day to 
changes of 8⁰C per day over the period of data collection. 
 
Figure 12: Plot of temperature and salinity data collected from the retention pond.  The dashed line marks the 
transition from 2018 to 2019. 
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Figure 13: Data from June 11, 2018 to June 18, 2018, depicting a typical week of data from the retention pond 
In terms of water surface elevation, the pond ranged from 90.91 feet above sea level (ft) 
to 93.58 ft.  For the majority of the study period, the water elevation remained between 91 ft and 
92.5 ft, but some fluctuations were observed.  The average water surface elevation was 92.02 ft, 
with a standard deviation of 0.36 ft.  Figure 14 displays several periods of time where water 
surface elevation rapidly increased over the course of a few hours and then slowly declined over 
the course of a few days. 
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Figure 14: Plot of water surface elevation at the retention pond over time.  The grey line marks the transition from 
2018-2019. 
Strawberry Creek 
In the stream downstream of the retention pond, salinity and temperature data were 
collected from June 19, 2018 until July 13, 2018, when the probes were washed away in a storm.  
Measurements of specific conductance (later converted to salinity) and temperature were made 
with a YSI handheld conductivity probe on the following dates: November 8, 2018; November 
16, 2018; November 29, 2018; December 6, 2018; December 19, 2018; January 2, 2019; January 
11, 2019.  In Strawberry Creek, salinity values ranged from 0.15 ppt to 2.85 ppt.  The mean 
salinity of this stream was 1.08 ppt, with a standard deviation of 0.24 ppt (from 328 
measurements).  As displayed in Figure 15, fluctuations in salinity varied in magnitude and time-
scale.  Larger, longer-term fluctuations were observed; these were typically on the order of 
variations of 0.40 ppt to 0.50 ppt over the span of a few days.  Additionally, smaller fluctuations, 
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on the order of 0.14 ppt to 0.24 ppt occurring over the span of a few hours, were also observed.  
In this stream, water temperature ranged from 20⁰C to 31⁰C.  The average water temperature of 
Strawberry Creek during the study period in June (from June 19-30) was 23.77⁰C, with a 
standard deviation of 1.89°C (from 328 measurements).  Diurnal temperature fluctuations of 
approximately 5⁰C were observed over the period of data collection. 
 
Figure 15: Plot of temperature and salinity data from Strawberry Creek.  The diamonds mark measurements made 
with a handheld probe.  The dashed line marks the transition from 2018 to 2019. 
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Pogonia Creek 
From June 19, 2018 to November 1, 2018, salinity data was collected in the stream draining 
the forested watershed.  Temperature data was collected in this stream from June 19, 2018 to 
November 8, 2018.  The YSI handheld probe was used to make salinity and temperature 
measurements on the same dates as listed above for Strawberry Creek.  In Pogonia Creek, 
salinity data varies greatly, and is not necessarily always representative data.  This could be due 
to the fact that the conductivity probe was not always being continuously submerged in the 
stream and/or due to organic matter and sediment in the stream impeding the probe’s sensor.  
Salinity values ranged from 0.04 ppt to 1.35 ppt, with a mean of 0.47 ppt and a standard 
deviation of 0.40 ppt (from 2,544 measurements).  Temperature data was also collected in this 
stream.  Water temperature in Pogonia Creek is more consistent and cooler than Strawberry 
Creek, with values ranging from approximately 13⁰C to 21⁰C.  The average water temperature of 
Pogonia Creek from June 19-30 was 18.22⁰C.  As with the temperature in the retention pond, 
longer-term and shorter-term temperature trends were observed in this stream.  A general 
warming trend was observed from June to mid-September, and then a cooling trend followed as 
seasons changed from summer to fall.  Shorter-term diurnal temperature fluctuations were also 
observed, which were on the order of 1⁰C to 2⁰C.  Figure 16 displays the salinity and temperature 
data from Pogonia Creek. 
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Figure 16: Plot of temperature and salinity data from Pogonia Creek.  The diamonds mark measurements made 
with a handheld probe.  The dashed line marks the transition from 2018 to 2019. 
Channel Profiles 
 ArcGIS software was used to construct longitudinal profiles for Strawberry Creek and 
Pogonia Creek, displayed in Figure 17.  Strawberry Creek flows for approximately 525 meters 
into Lake Matoaka; the channel begins at an elevation of 95.2 feet above sea level and ends at 
Lake Matoaka (at an elevation of 22 feet above sea level).  Pogonia Creek flows for 
approximately 560 meters and has an overall relief of 67 feet (beginning at 89.5 feet above sea 
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level and ending at Lake Matoaka).  Over the first 150 meters of each channel, the slope varies 
drastically between the two channels.  Strawberry Creek’s slope is approximately twice that of 
Pogonia Creek.  Near the headwaters of Strawberry Creek, over the first 30 meters of the 
channel, there is a 25-foot decrease in elevation.  The Pogonia Creek channel does not have a 
change in elevation of this magnitude anywhere along the profile.  It exhibits a relatively 
constant slope, with a few smaller disturbances in the otherwise overall smooth profile.  Some of 
the bumps seen in the profiles might not be representative of the actual channels; they could be 
due to the resolution of the data.  More accurate stream profiles could be made by measuring 
elevation in the field along the length of each of the channels. 
 
 
Figure 17: Longitudinal profiles of both stream channels 
Discharge 
 From the water surface elevation measurements, discharge from the retention pond was 
calculated.  For most of the study period, the water surface elevation remained below the 2-year 
storm outflow structure.  When the water height was below 93.15 feet, discharge remained below 
1 cubic foot per second (cfs).  However, there were three events during which the water surface 
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elevation rose above the 2-year storm outflow structure.  During these times, discharge from the 
pond increased to 3.39 cfs, 11.8 cfs, and 13.9 cfs.  Throughout the study period, discharge from 
the pond ranged from 0.085 cfs to 13.91 cfs, with an average of 0.24 cfs and a standard deviation 
of 0.16 cfs (from 21,151 measurements).  Since Strawberry Creek drains the pond, this discharge 
is effectively the discharge for the creek.  The discharge for Pogonia Creek was considered to be 
constant through time, due to the assumptions described above. 
Discussion 
Discharge 
 During the study period, there were three significant rainfall events, all of which were 
approximately representative of the 2-year storm for this area.  The rainstorm on July 21, 2018 
(denoted “A” on Figures 18 and 19) delivered 2.79 inches of rain over the course of 10.5 hours.  
On July 30, 2018, the rainstorm labeled “B” on Figures 18 and 19 delivered 2.54 inches of rain 
over an 11.25-hour timespan.  The October 10, 2018 storm (marked “C” on Figures 18 and 19) 
lasted 11 hours and delivered 2.78 inches of rain.  Corresponding with these rainstorms were 
rapid, short-term increases in the discharge from the pond, as displayed in Figure 18.  Typically, 
discharge from the pond remains below 1 cubic foot per second (cfs).  However, during these 
three storm events, the pond experienced a rapid rise in water surface elevation.  During both of 
the 2-year storms in July, the discharge from the pond was over twice that of the 2-year storm 
discharge estimated by the company that constructed the retention pond.  The October storm was 
not quite a 2-year storm, yet the discharge almost reaches that of the estimated discharge from a 
2-year storm.  Rain falling on the nearby impermeable cover and entering the pond as surface 
runoff could have caused the rapid rise in water surface elevation.  During the October storm 
event, there was a delay between the precipitation event and the significant increase in discharge 
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from the pond.  This could have been due to clogging of the 2-year storm outflow structure in the 
retention pond.  As shown in part “C” of Figure 19, there is a slight increase in discharge from 
the pond, followed by a shorter-term significant spike in discharge.  Once the material blocking 
the outflow structure was dislodged; the pond could then, perhaps, drain properly.  In all three 
storm events, once the surface elevation reached a height above that of the 2-year storm outflow 
structure in the pond (pictured in Figure 3), the exponential increase in discharge resulted.  The 
discharge increases by more than an order of magnitude during the July storms, and displays a 
four-fold increase from normal, baseline conditions during the October storm. 
 
Figure 18: Plots displaying the cumulative rainfall (top) and the discharge from the pond (bottom) over time.  The 
dashed line marks the transition from 2018 to 2019.  The red dashed line on the bottom plot represents the estimated 
2-year storm discharge (estimation from the company that built the pond). 
 
 
 
A. 
B. 
C. 
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Salinity 
 The salinity of the retention pond fluctuates over time, in response to precipitation events. 
Typically, the pond’s salinity value fluctuates around the threshold between fresh and brackish 
water (0.5 parts per thousand), as defined by the National Oceanic and Atmospheric 
Administration (https://oceanservice.noaa.gov/education/kits/estuaries/estuaries01_whatis.html).  
Two short-term increases in the pond’s salinity values are highlighted in Figure 20.  The rainfall 
event in mid-July (day 205) corresponds with a three-fold increase from normal, base conditions 
in the retention pond’s salinity.  This rainstorm had a recurrence interval of less than 2 years; it 
delivered 1.76 inches of rain in 3.75 hours.  The corresponding spike in the salinity could have 
been caused by runoff washing substances from the surrounding impervious cover into the pond 
(Walsh et al., 2005; Hancock et al., 2010).  Since there was a relatively dry period before this 
rainfall, the material could have accumulated on the surface and not yet have been transported 
into the retention pond.  The smaller rainfall event immediately following this storm did not 
Figure 19: Plots of cumulative rainfall and discharge from the retention pond during the July 21 (A), July 30 (B), and October 10 (C) 
storms. 
A. B. C. 
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result in such a large increase in salinity, since there was not much time for new material 
accumulation.  During the fall to winter transition, the retention pond’s salinity remains slightly 
below the threshold for brackish water.  However, on December 11, 2018 (day 345), another, 
larger spike in the salinity is observed.  This eight-fold increase in salinity occurred a few days 
after a large snowstorm.  One possible explanation for this sudden monumental change in 
salinity could be road salt, applied before the storm to treat the roads surrounding the pond 
(Semadeni‐Davies, 2006; Le Viol et al., 2009).  Meltwater running off the roads could have 
washed these salts into the pond.  The salinity spike does not align directly with the precipitation 
record, as the snow and ice needed time to melt in order to transport the salt into the retention 
pond. 
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Figure 20: Plots of retention pond water temperature (top), cumulative rainfall (middle), and salinity (bottom) over 
time.  Two events are highlighted by the grey areas.  The horizontal dashed line on the salinity plot indicates the 
delineation between fresh water (0-0.5 ppt) and brackish water (0.5-35 ppt).  The vertical dashed line on all three 
plots indicates the transition from 2018 to 2019. 
Brackish 
Fresh 
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The small black diamonds in the plot at the bottom of Figure 20 represent the salinity 
measurements in Pogonia Creek made with a YSI handheld conductivity probe.  Typically, the 
retention pond and Strawberry Creek have lower salinity values than those in Pogonia Creek.  
Following storm events, however, the salinity spikes in these two locations, while remaining 
relatively constant in Pogonia Creek.  One possible reason for this is the large influence of runoff 
acting on the pond and in Strawberry Creek.  Road salts and substances from the roads wash into 
the pond and down the stream during storms, especially after snow and ice storms, greatly 
increasing the salinity of the water.  Since Pogonia Creek is a predominantly groundwater-fed 
stream in a non-urbanized watershed, fewer substances get washed into the stream by overland 
flow.  This could be why there is not as much influence on the stream’s salinity by storm events. 
Water Temperature 
 The water temperature in the retention pond, Strawberry Creek, and Pogonia Creek varies 
throughout the study period, as shown in Figure 21.  Pogonia Creek exhibits more consistent 
water temperatures over time.  The more drastic temperatures observed in the pond and the 
stream draining the pond could be explained by the influence of impervious cover in their 
watershed.  During the summer months, the retention pond and Strawberry Creek are warmer 
than Pogonia Creek.  The ground is warmer during these months, so surface runoff entering the 
pond tends to increase water temperature (Van Buren et al., 2000; Hester and Bauman, 2013; 
Zeiger and Hubbart, 2015).  Additionally, during the summertime, the pond water is exposed to 
more sunlight, further contributing to these higher temperatures (Van Buren et al., 2000).  In the 
winter, when the roads and ground are cold, runoff entering the pond is colder; this helps drive 
the water temperature down in the retention pond and the stream draining it.  As mentioned 
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above, Pogonia Creek is less impacted by surface runoff, since it is a groundwater-fed stream in 
a forested watershed. 
Since water temperature is a critical factor influencing the primary productivity, chemical 
reaction rates, and dissolved oxygen content of water, it has significant impact on the biota (Van 
Buren et al., 2000; Hester and Bauman, 2013; Zeiger and Hubbart, 2015).  The relatively large 
fluctuations in water temperature in the retention pond and Strawberry Creek can have negative 
effects on organisms living in these waters (Hester and Bauman, 2013; Zeiger and Hubbart, 
2015).  The increases in water temperature associated with summer storms, especially, are 
dangerous to organisms who are vulnerable to water temperature changes (Hester and Bauman, 
2013).  Organisms living in the retention pond and Strawberry Creek are exposed to the stressors 
caused by water temperature fluctuations to a greater extent than those organisms in Pogonia 
Creek.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Plot of water temperature in the retention pond and both streams over time.  The colored diamonds mark 
temperature measurements made with a handheld probe.  The dashed line marks the transition from 2018 to 2019. 
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Channel Profiles 
 In order to determine how the urbanization of Strawberry Creek’s watershed affected the 
channel morphology, longitudinal profiles of Strawberry Creek and Pogonia Creek were 
constructed.  Figure 17 displays these channel profiles.  The reaches nearest to the headwaters of 
each stream vary significantly between the two channels.  A reach with meter-scale incision is 
observed near the headwaters of Strawberry Creek.  Utilizing evidence of previous locations of 
the stream bottom present in the eroded banks of the channel, it is clear that the channel has not 
always looked as it does today.  Assuming that the stream was relatively intact two decades ago 
(before the pond was built), the sharp decrease in channel elevation near the headwaters of 
Strawberry Creek seen today could be a result of watershed urbanization.  A larger magnitude of 
shear stress and stream power, driven by the increased volume of runoff being discharged from 
the retention pond, could have resulted in a greater amount of sediment removal from this 
portion of the channel (Hammer, 1972; Arnold et al., 1982; Booth, 1990; Booth and Jackson, 
1997; Booth et al., 2002; Walsh et al., 2005; Nelson et al., 2006; Hancock et al., 2010; 
Tillinghast et al., 2011; Mogollón et al., 2016; Bevan et al., 2018).  This display of channel 
down-cutting is a commonly observed phenomenon in channels with urbanized watersheds 
(Hammer, 1972; Booth, 1990; Booth and Jackson, 1997; Walsh et al., 2005; Nelson et al., 2006; 
Tillinghast et al., 2011; Bevan et al., 2018).  Pogonia Creek exhibits a relatively constant slope 
along the length of the channel, as this stream’s watershed has not been significantly altered by 
urbanization. 
A stream that is in a state of equilibrium will have a smooth, concave up longitudinal 
profile, with a relatively constant slope throughout the length of the channel (aside from 
knickpoints associated with lithology changes).  In addition to the significant change in elevation 
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near its headwaters, the Strawberry Creek channel has numerous other reaches with relatively 
large changes in elevation over short distances (the bumps in the profile). The Pogonia Creek 
profile is smoother, with disturbances that are fewer in number and smaller in magnitude.  
Though some of the bumps in these profiles can be attributed to the resolution of the LIDAR 
data, from field observations it is not clear that Strawberry Creek has re-equilibrated since the 
construction of the retention pond.  Since the underlying lithology is the same for both of these 
streams, it would follow that a profile of Strawberry Creek would exhibit a smooth, concave up 
profile similar to that of Pogonia Creek.  As this is not what is observed, these longitudinal 
profiles suggest that Strawberry Creek is not currently in a state of equilibrium.  Although the 
retention pond was constructed to mitigate the effects of watershed urbanization on the 
downstream channel, the differences between these channel profiles suggest that the pond is not 
achieving this objective. 
Conclusions 
 In this study, the discharge, temperature, salinity, and longitudinal profiles of two streams 
in James City County, Virginia were compared.  One of the streams, Strawberry Creek, has a 
retention pond at the head of its channel; while the other stream, Pogonia Creek, drains a mostly 
forested watershed.  The purpose of the retention pond that was constructed in the urbanized 
watershed is to mitigate the negative effects of urban stream syndrome on the downstream 
channel; this phenomenon includes the changes in water quality, biotic richness, and channel 
morphology driven by watershed urbanization.  Over the months of data collection, differences 
in temperature, salinity, and longitudinal profiles were observed.  The stream draining the 
retention pond exhibited higher water temperatures during the summer (on the order of 5°C), 
lower temperatures during the winter (on the order of 2-3°C), and overall greater temperature 
45 
 
fluctuation (in terms of magnitude and frequency).  Changes in salinity that correspond to storm 
events were observed in Strawberry Creek, suggesting that the retention pond is not buffering the 
downstream channel from the effects of watershed urbanization.  Over the course of the study, 
event-based changes in salinity were not observed in Pogonia Creek.  Furthermore, when 
comparing the longitudinal profiles of the two channels, it was observed that Strawberry Creek 
had a sharp incision near its headwaters, while Pogonia Creek exhibited a more consistent slope 
along its length.  From these differences observed between the two streams, it is evident that the 
retention pond constructed at the headwaters of Strawberry Creek is not achieving its design 
goals.  Though this study focused on a single retention pond, the findings suggest that the failure 
of retention ponds could be a more widespread phenomenon. 
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Appendix A: Data 
Data can be accessed on the CD available in the geology department. 
